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ARTICLE INFO ABSTRACT

Atticle history: Background: Senescent cells, which can release factors that cause inflammation and dysfunction, the senescence-
Received 31 July 2019 associated secretory phenotype (SASP), accumulate with ageing and at etiological sites in multiple chronic dis-
Received in revised form 16 August 2019 eases. Senolytics, including the combination of Dasatinib and Quercetin (D + Q), selectively eliminate senescent
Accepted 29 August 2019 cells by transiently disabling pro-survival networks that defend them against their own apoptotic environment.
In the first clinical trial of senolytics, D + Q improved physical function in patients with idiopathic pulmonary fi-
Keywords: brosis (IPF),‘a fatal senescence—associatec‘j disease, but to date, no peer-reviewed study has directly demonstrated
Senolyticé that senolytics decrease senescent cells in humans.
Cellular senescence Methods: In an open label Phase 1 pilot study, we administered 3 days of oral D 100 mg and Q 1000 mg to subjects
Dasatinib with diabetic kidney disease (N=9; 687 + 3- 1 years old; 2 female; BMI:33-9 + 2-3kg/m?; eGFR:27-0 + 2- 1mL/
Quercetin min/1-73m?). Adipose tissue, skin biopsies, and blood were collected before and 11 days after completing senolytic

Diabetic kidney disease
Senescence-associated secretory phenotype

treatment. Senescent cell and macrophage/Langerhans cell markers and circulating SASP factors were assayed.
Findings: D + Q reduced adipose tissue senescent cell burden within 11 days, with decreases in p16™*A-and
p21<P1_expressing cells, cells with senescence-associated 3-galactosidase activity, and adipocyte progenitors
with limited replicative potential. Adipose tissue macrophages, which are attracted, anchored, and activated by
senescent cells, and crown-like structures were decreased. Skin epidermal p16™4A+ and p21“*1+ cells were re-
duced, as were circulating SASP factors, including IL-1c, IL-6, and MMPs-9 and —12.
Interpretation: “Hit-and-run” treatment with senolytics, which in the case of D + Q have elimination half-lives
<11 h, significantly decreases senescent cell burden in humans.
Fund: NIH and Foundations.
ClinicalTrials.gov Identifier: NCT02848131. Senescence, Frailty, and Mesenchymal Stem Cell Functionality in
Chronic Kidney Disease: Effect of Senolytic Agents.
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Research in context
Evidence before this study

Senescent cellsaccumulate in tissues with ageing and at etiological
sites in multiple chronic diseases, including adipose tissue in diabe-
tes. Senescent cells can release products that cause inflammation
and death of non-senescent cells, the senescence-associated se-
cretory phenotype (SASP). Intermittent administration of the
senolytic drug combination, Dasatinib plus Quercetin (D + Q),
which transiently disables the pro-survival pathways that defend
senescent cells against their own apoptotic environment, selec-
tively eliminates senescent cells from mouse and human cell cul-
tures, ageing mice, mice with insulin resistance and many other
chronic disorders, and freshly-isolated adipose tissue explants
from obese, diabetic human subjects. In the first clinical trial of
senolytics, D + Q alleviated physical dysfunction in patients with
idiopathic pulmonary fibrosis (IPF), a progressive, fatal, cellular
senescence-associated disease. In another clinical trial, prolonged
D administration to patients with systemic sclerosis appeared to re-
duce the SASP and other senescence markers in skin biopsies. To
date, no peer-reviewed clinical trial report has directly demon-
strated that administering senolytics decreases senescent cells.

Added value of this study

Here, inan open-label Phase 1 pilot study, we show for the first time
that senolytic drugs decrease senescent cell abundance in humans.
A 3-day oral course of D + Q in subjects with diabetic kidney dis-
ease (DKD) reduced adipose tissue senescent cell burden 11 days
later, asindicated by decreasesin cells with markers of senescence:
p16™N**_and p21©'™ -expressing cells, cells with senescence-
associated [-galactosidase (SAfgal) activity, and adipocyte
progenitors with limited replicative potential. Consistent with
decreased overall senescent cell burden in humans treated with
senolytics, skin epidermal p16™*A- and p21¢"'-expressing cells
were also reduced, as were key SASP factors, including interleukin
(IL)-1q, IL-6, and MMPs 9 & 12, in blood. Thus, “hit-and-run” treat-
ment with senolytic agents, which in the case of D + Q have elimi-
nation half-lives of <11 h, is sufficient to decrease senescent cell
burden in humans. Thereafter, senescent cell burden remains low
fordaysto weeks, consistent with the >2 weeks it takes for new se-
nescent cells to develop (at least in cell culture).

Implications of all the available evidence

Interventions targeting fundamental ageing processes such as cel-
lular senescence could delay, prevent, or alleviate multiple age-
related diseases and disorders as a group, instead of one-at-a-
time, as per the Geroscience Hypothesis. Increasingly in mice, this
hypothesis appears to be true. Combined with the first clinical trial
of senolytic agents showing that D + Qimproves physical function
in patients with IPF published earlier this year in this journal, our cur-
rent article showing that D + Q actually decreases senescent cell
burden in humans is consistent with the possibility that the
Geroscience Hypothesis may also hold true for humans. If clinical
trials over the next few years support and extend our findings to
show that these agents can alleviate additional age- and cellular
senescence-related disorders and diseases (beyond IPF) and reduce
senescent cell burden (beyond adipose tissue and skin and as
reflected by decreased SASP factorsin blood), senolytics might be-
come an entirely new path for alleviating currently untreatable
chronic diseases and enhancing human healthspan.

1. Introduction

Cellular senescence is a cell fate that entails essentially irreversible
replicative arrest and that was first reported in serially sub-cultured
human cells in 1961 [1]. Insults such as serial passaging, DNA damage,
exposure to the damage-associated molecular pattern molecules that
accumulate in injured or chronically-diseased tissues, and metabolic
insults can cause cells to become senescent [2]. Senescent cells and
pre-senescent cells with limited replicative potential accumulate with
ageing in multiple tissues in which they are linked to functional de-
clines, including in adipose tissue, where abundance of adipocyte pro-
genitors with decreased proliferative capacity increases with ageing
[3-15]. Even in younger mice or human subjects, senescent cell abun-
dance is increased in adipose tissue in conditions such as obesity associ-
ated with metabolic dysfunction as well as in chronic kidney disease
[15-20]. Indeed, senescent cells accumulate at etiologic sites of multiple
chronic diseases across the age range [2,5,8-10,12,16,17,21-25]. Senes-
cent cells are metabolically active and can acquire a pro-inflammatory,
tissue-destructive, pro-apoptotic senescence-associated secretory phe-
notype (SASP) [26], such that transplanting even small numbers of se-
nescent mouse or human adipocyte progenitors or senescent
autologous ear fibroblasts into younger mice can result in local [27]
and systemic disability and disease [28], yet senescent cells themselves
are resistant to apoptosis [29].

Senolytics are drugs that specifically target senescent cells by induc-
ing apoptosis of senescent but not non-senescent cells [30]. Work that
led to the discovery of senolytics was prompted by a 2004 article show-
ing that the age-related increase in senescent cells is delayed by inter-
ventions that increase healthspan: caloric restriction or the Prop-1
deficiency in long-lived Ames mice [31]. This suggested to us that inter-
ventions to reduce senescent cell burden might extend healthspan and
alleviate age-related diseases. Of note, our efforts to discover senolytics
began before and progressed independently from devising and making
transgenic mice from which highly p16™“?-expressing cells, some of
which are senescent, can be eliminated by activating the product of
the transgene, an approach that is not translatable to humans.
Senolytics act by facilitating apoptosis of senescent cells due to their
own SASP, not by directly targeting all cells that have high p16™4?
expression.

By definition, the target of senolytics is senescent cells, not a mole-
cule or a single biochemical pathway. The first senolytic drugs, Dasatinib
(D) and Quercetin (Q), were discovered using a mechanism-based ap-
proach instead of the random high-throughput screening usually used
for drug discovery [32]. Through a bioinformatics strategy that lever-
aged proteomic and transcriptomic data, we discovered networks of se-
nescent cell anti-apoptotic pathways (SCAPs) that enable senescent
cells to survive despite their own SASP. We verified this role of these
networks in senescent cells by using RNA interference to show that
targeting SCAP nodes, such as BCL-xL in the case of human umbilical
vein endothelial cells, kills senescent cells. Using a priori knowledge
about their molecular targets and mechanisms of action, D and Q were
identified as being potentially senolytic based upon their predicted abil-
ity to transiently disable these SCAP networks [32]. The senolytic activ-
ity of D and Q was first verified in human senescent vs. non-senescent
cells. We found that different types of senescent cells use different
SCAPs or even redundant combinations of SCAPs to evade apoptosis,
meaning that agents targeting a single SCAP would only be expected
to eliminate a subset of senescent cells. Indeed, we found that D,
which was selected based on the specific tyrosine kinases and other
key SCAP elements that it targets, is senolytic in the case of human adi-
pocyte progenitors, as predicted from the particular SCAPs these cells
depend on. We found that the flavonoid Q, which was specifically se-
lected because it targets BCL-2 family members as well as HIF-1a and
particular nodes in PI3-kinase and p21-related anti-apoptotic pathways,
is senolytic in the case of human endothelial cells, again as predicted. Q
does not target senescent human adipocyte progenitors efficiently and
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D does not target senescent human endothelial cells. To extend the
range of senescent cells targeted, in subsequent mouse in vivo studies
and in the clinical trial reported here, we used the combination of
D+ Q

Because senescent cells can take weeks to months to develop and do
not divide, and because even eliminating only 30% of senescent cells can
be sufficient to alleviate dysfunction in preclinical studies
[3,5,7,9,23,24,28,32-37],D + Q s as effective in mice if administered in-
termittently, for example every 2 weeks to a month, as continuously,
even though D and Q have elimination half-lives of only 4 and 11 h, re-
spectively [38,39]. This is consistent with the point that, since the target
of senolytics is senescent cells, these drugs do not need to be continu-
ously present in the circulation in the same way as drugs whose mech-
anism of action is to occupy a receptor, modulate an enzyme, or act on a
particular biochemical pathway, at least in mice. Intermittently admin-
istering D + Q effectively circumvents any potential off-target effects
due to continuous receptor occupancy or modulation of an enzyme or
biochemical pathway.

Based on the many promising studies of D + Q in mice
[3,5,7,9,23,24,28,32-37], the experience gained from the use of D in
humans for over 20 years, and the fact that Q is a natural product pres-
ent in many foods such as apples, we initiated clinical trials of these
agents. The first-in-human clinical trial of senolytics was a brief course
of D + Q for patients with IPF, which resulted in statistically significant
improvements in physical function in 14 subjects with this relentlessly
progressive, debilitating, and ultimately fatal cellular senescence-
driven disease, as published in January 2019 [40]. Although alleviation
of this cellular senescence-related phenotype was demonstrated in
that pioneering trial in tandem with trends for decreased SASP factors,
and others found decreased SASP factors in a trial of continuous D ad-
ministration in the skin of subjects with systemic sclerosis [41], so far,
there has been no direct demonstration of senescent cell clearance by
senolytic drugs in peer-reviewed published human clinical trials.

To test whether intermittent D + Q is effective in targeting senes-
cent cells in humans, we administered a single 3 day course of oral D
+ Q and assayed senescent cell abundance 11 days after the last dose
in subjects with DKD, the most common cause of end-stage kidney fail-
ure and which is characterized by increased senescent cell burden
[18,42-44]. We found D + Q alleviates insulin resistance, proteinuria,
and renal podocyte dysfunction caused by high fat diet-induced or ge-
netic obesity in mice [23]. We also found that even Q alone can prevent
high fat diet-induced increases in markers of senescence, renal fibrosis,
decreases in renal oxygenation, and increased creatinine in mice, al-
though Q alone did not prevent insulin resistance [20]. Diabetes and
chronic kidney disease (CKD) in humans therefore represent conditions
that may benefit from D + Q therapy-induced alleviation of tissue dys-
function and disease progression, which is being tested as the clinical
trial reported here continues. In this interim report of findings from
that trial, we found the single brief course of D + Q attenuated adipose
tissue and skin senescent cell burden, decreased resulting adipose tissue
macrophage accumulation, enhanced adipocyte progenitor replicative
potential, and reduced key circulating SASP factors.

2. Materials and methods
2.1. Study participants and senolytic administration

Study participants were accrued from November 2016 to April
2019 at Mayo Clinic in Rochester, Minnesota. Table 1 shows the demo-
graphic and clinical characteristics of these participants. Adults aged
50-80 years with diabetes mellitus (on anti-diabetes therapy) and
CKD (estimated glomerular filtration rate range 15-45 mL/min/
1-73m?) were included. Individuals with QTc prolongation
(>450 msec), liver dysfunction, non-diabetic kidney disease, dialysis,
malignancy, active infection, morbid obesity (body mass index [BMI]
>50 kg/m?), solid organ transplantation, or taking drugs known to

Table 1
Baseline demographic and clinical variables of diabetic kidney disease participants treated
with a Single 3-Day Oral Course of D + Q.

Variable Participants Treated with D + Q
(N=197)

Age, years 68-7(1-0)

Male sex 7 (77-8%)

White race 8 (88-9%)

BMI, kg/m? 33-9(0-8)

eGFR, mL/min/1-73m? 27-0(0-7)

Diabetes Insulin therapy alone 5/9

Oral glucose lowering therapy alone 2/9

Both insulin and oral glucose lowering therapy  2/9

Data represent Mean (SEM) or Number (%).
BMI: body mass index; eGFR: estimated glomerular filtration rate.

@ Adipose tissue sufficient for isolating adipose progenitors but not for immunohisto-
chemistry or SABgal activity or skin assays was available from 2 additional subjects (ages
70 & 75 years, BMI 31-1 & 29-4 kg/m?, eGFR 38 & 29 mL/min/1-73m?, males, white, dia-
betic on glucose lowering therapy alone).

interact with D + Q were excluded. Such drugs include those with a
narrow therapeutic range that are substrates for CYP3A4, CYP2CS,
CYP2(9, CYP2D6, CYP2C19, CYP1A2, or OATP1B1 or strong inhibitors
or inducers of CYP3A4 (e.g., cyclosporine, tacrolimus, or sirolimus). In-
formed consent was obtained from study participants. The Mayo Clinic
Institutional Review Board approved this study, which is registered at
ClinicalTrials.gov (NCT02848131) and which is an ongoing clinical
trial to determine the effectiveness of senolytics for restoring cellular,
tissue, and clinical function in patients with diabetic chronic kidney dis-
ease. A single 3-day oral treatment regimen with D 100 mg daily and Q
1000 mg total daily (500 mg twice daily) was administered to all partic-
ipants on Study Days 1 to 3.

2.2. Adipose tissue and skin sampling and plasma collection

To avoid sun-exposed areas of skin and to simultaneously obtain ab-
dominal subcutaneous adipose tissue superficial to Scarpa's fascia, ellip-
tical incisional biopsies of adipose tissue and attached skin were
acquired from at a point to the right or left of, and 2-5 cm inferior to
the navel. Abdominal subcutaneous adipose tissue (0-5-2 g) and at-
tached skin were collected under sterile conditions through a 3-5 cm
incision on Study Days 0 and 14. The site for the post-treatment biopsy
was contralateral to that for the pre-treatment biopsy, with both the
pre- and post-treatment biopsies being from the same dermatome.
Skin attached to the adipose tissue biopsy was cut from the underlying
adipose tissue. Also on Study Days 0 and 14, blood was collected. Blood
samples were stored at —80 °C for subsequent analyses.

2.3. Immunohistochemistry, imaging of biopsies, and counting

Adipose tissue and skin biopsies were fixed in formalin and paraffin-
embedded. Five pum sections were placed on slides and
immunohistochemically stained with CINtec Histology monoclonal
mouse anti-human p16™“* (clone E6H4; Roche Tissue Diagnostics,
Indianapolis, IN), p21°"*! (DCS-60-2; Cell Marque Tissue Diagnostics,
Rocklin, CA), CD68 (Clone PG-M1; Dako, Denmark), and CD1a (Clone
MTB1; Novocastra, Leica Biosystems, UK) antibodies using a VENTANA
Discovery ULTRA instrument (Ventana Medical Systems, Oro Valley,
AZ) following instructions and using materials suggested by the manu-
facturer. Adipose tissue and skin biopsy slides were scanned using a
Motic Slide Scanner (Motic Company, China) and a 40x objective. In ad-
ipose tissue biopsies, images scanned for p16™*4* and p21"™! were
sliced (virtually) using Adobe Photoshop (Adobe Inc., San José, CA) to
generate fields that were 400 pm x 300 pum. Thirty fields were selected
for analysis from each image using a random number generator.
p16™K4A+ and p21“P1+ cells and adipocytes were counted by Image]
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[45,46]. For macrophages, an Olympus BX43 light microscope (Olym-
pus, Japan) with a 40x objective was used to image 10 random fields,
which were manually counted for CD68" macrophages, crown-like
structures, and adipocyte shells using the software, AMCounter (Bio-
medical Imaging Resource, Mayo Clinic, Rochester, MN) [47]. For skin
biopsies, cells positive for p16™4A p21"! (present in the basal
layer), CD1a, and CD68 were counted and divided by the total length
of the epidermis (mm) using Image]. All image analyses were conducted
by observers who were blinded as to whether samples were pre- or
post-treatment biopsies.

2.4. Senescence-associated [3-galactosidase (SARgal) activity assay

Adipose biopsies were washed 3 times with PBS, fixed for 5 min in
PBS containing 2% (vol/vol) formaldehyde (Sigma-Aldrich, St. Louis,
MO) and 0-25% glutaraldehyde (Sigma-Aldrich), and washed with
PBS 3 times. Tissues were incubated in SAPgal activity solution,
pH 6-0, at 37 °C for 16-18 h (overnight), washed, stained with Hoechst
dye for 10 min for counting nuclei, and kept in PBS until being imaged
with a fluorescence microscope (Nikon Eclipse Ti, Japan). Ten to 15 ran-
dom fields were imaged per sample. SARgal™ cells were determined as
a function of all nuclei in the fields.

To test consistency of assays of cells with high SABgal activity be-
tween adipose tissue biopsies, SARgal™ cells were quantified as above
from adipose tissue biopsies collected 15 days apart from 15 obese, pre-
menopausal women who were not taking senolytics and who were en-
rolled in a separate IRB-approved study (Suppl. Table 1).

2.5. Blood SASP factor analyses

Plasma cytokines and MMPs were quantified using a multiplex fluo-
rescent bead assay (Human Cytokine 42-Plex Discovery Assay and
Human MMP & TIMP Discovery Assay; Eve Technologies; Calgary, Al-
berta, Canada).

2.6. Adipocyte progenitor replication assay

Adipocyte progenitors, also termed adipose tissue-derived mesen-
chymal stem cells or preadipocytes, were harvested from abdominal
subcutaneous fat samples as previously described [48,49]. Adipose biop-
sies were minced and digested in 2% collagenase type I at 37 °C for
45 min (Gibco, Waltham, MA), filtered through a 100 pm cell strainer
(BD Biosciences, San José, CA) to remove remaining tissue pieces,
and centrifuged to pellet cells. Cells were cultured in advanced
minimum-essential-medium (Thermo Fisher Scientific, Waltham, MA)
supplemented with 5% platelet lysate (PLTMax, Mill Creek Life Sciences,
Rochester, MN) and 2 mM L-glutamine (Invitrogen, Carlsbad, CA) ina 37
°C/5% CO, incubator for 3-4 days. When 60-80% confluent, cells were
passaged using TrypLE (Trypsin-like Enzyme, Invitrogen, Invitrogen,
Waltham, MA). The third passage cells were collected and kept in
Gibco Cell Culture Freezing Medium (Life Technologies, Carlsbad, CA)
at —80 °C. Change in adipocyte progenitor numbers over time was
measured in passage 3-4 cultures using a tetrazolium compound (3-[4,5-
dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-
2H-tetrazolium, inner salt; MTS) assay (CellTiter 96 Non-Radioactive Cell
Proliferation Assay; Promega, Madison, WI) according to the manufac-
turer's instructions.

2.7. Statistical methods

Prior to pilot study initiation, sample size estimates were deter-
mined. Pilot trial sample size estimation was based on a sample size of
9, which has 80% power to detect a difference in means of 5% (for the se-
nescence marker, SARgal activity), assuming a standard deviation of dif-
ferences of 4-0, using a t-test with a 0-05 two-sided significance level.
Data are presented as mean + SE or raw values (tables and text).

Welsh's unpaired t-test for unequal variances was used for comparing
Day 0 vs. Day 14. The a-level for significance was 0-05. Analyses were
conducted using GraphPad Prism 7-02 (San Diego, CA, USA).

3. Results

Abdominal subcutaneous excisional adipose tissue biopsies were ac-
quired from 9 subjects (N = 9; mean age: 69, range 55-79 years; 7
males and 2 females) with drug-controlled diabetes and CKD
(Table 1) before and 11 days after completion of a single 3-day course
of oral D + Q (D: 100 mg/day, Q: 500 mg twice daily). During the course
of this study, no serious adverse events (i.e. hospitalization, kidney in-
jury requiring dialysis, or death) occurred and no subjects required
drug discontinuation. Expression of p16™# and p21“™' were
both used as markers of senescent cells, as was SABgal activity [50,51].
D + Q significantly reduced (p = 0-001) adipose tissue p16™NK4A+
cells. Raw values were reduced by 35% (Fig. 1a). Senolytics significantly
reduced (p = 0-009) adipose tissue p21<"1* cells, with raw values
being decreased by 17% (Fig. 1b). D + Q also reduced (p = 0-005)
SApgalt cells; raw values were reduced by 62% (Fig. 1c). To exclude
the possibility that SABgal™ cells could have been induced in the second
biopsy due to trauma from the first, we assayed adipose tissue biopsies
obtained 15 days apart from women with obesity who were not treated
with senolytics. SABgal™ cell counts were similar in the two biopsies
(Suppl. Table 1), implying the observed declines in SARgal™ cells after
senolytic treatment were not due to an artifact caused by serial
sampling.

Senescent cells have been shown to attract, activate, and anchor
macrophages in adipose tissue, so removing senescent cells should be
associated with a decline in macrophage abundance [23]. To test this
in humans, CD68 ™" cells were counted in the adipose tissue biopsies be-
fore vs. 11 days after completion of D + Q treatment (Fig. 2a). There
were fewer CD681 macrophages after treatment (p = 0-0001).D + Q
lowered the raw numbers of macrophages per adipocyte by 28%. Senes-
cent cells and macrophages contribute to formation of the “crown-like
structures” (CLS) that are characteristic of adipose tissue in diabetes
and obesity [52]. We reported that there are decreased numbers of
CLS independently from any changes in body weight or food intake fol-
lowing intermittent senolytic treatment of diet-induced obese mice, as
well as in response to genetic clearance of p16"™43* cells [23]. Consis-
tent with the decreases in senescent cell burden and coupled decreases
in adipose tissue macrophages from humans with diabetes and CKD re-
ported here, we found that D + Q significantly decreases CLS in abdom-
inal subcutaneous adipose tissue (p = 0-001). The raw number of CLS
per adipocyte decreased by 86% (Fig. 2b).

Senescent and pre-senescent cells have no or limited replicative po-
tential, respectively, resulting in increased population doubling times as
senescent and pre-senescent cells accumulate in serially-passaged cul-
tures [1,53]. This parallels the reduced replicative potential observed
in primary cell types, including skin fibroblasts and adipocyte progeni-
tors, isolated from older mice, rats, or humans than cells isolated from
younger individuals [4,14,54]. To determine if depletion of senescent
adipose progenitors contributed (beyond any potential role of

16™K4A+ and SARgal-expressing macrophages) to the decreases in
p16™K4AT and SApgal-expressing cells in adipose tissue after senolytic
treatment, we assayed replicative potential of primary adipocyte pro-
genitors isolated from adipose tissue biopsies from the 9 subjects plus
an additional 2 subjects (from whom fat was available for these analyses
but not immunohistochemistry; Table 1). The adipocyte progenitors
were first cultured under conditions that exclude macrophages for 3
passages [55-57]. Following administration of D + Q to the subjects, in-
creases in numbers of primary adipocyte progenitors over time in cul-
tures derived from their abdominal subcutaneous fat biopsies were
greater than in the baseline cultures isolated from the biopsies before
treatment, consistent with effects of removing senescent and pre-
senescent cells (Fig. 3).
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Fig. 1. D + Q decreases human adipose tissue senescent cells. (a). D + Q significantly reduced (p = 0-001) abdominal subcutaneous adipose tissue p16™A* cells. Raw values were
reduced by 35% in sections of adipose tissue biopsied at Day 14 (11 days after the last dose of a 3-day course of the senolytics) vs. at baseline (Day 0). At Day 0, there were 3-18 +
0-64 p16™ A+ cells/100 adipocytes (means -+ SEM in 30 fields [400 x 300 um] at 40x magnification). Means, standard errors, and standard deviations are shown in these “box and
whisker” plots. The y axis shows p16™A* cells in the 2 biopsies from each subject at Days 0 and 14 as % of each other (Arbitrary Units). N = 9 subjects; Welch's unpaired 2-tailed t-
test for unequal variances. Representative images at Days 0 and 14 are shown. (b). D + Q significantly reduced (p = 0-009) adipose tissue p21<"'* cells. Raw values were decreased
17% by 11 days after completing D + Q treatment. At baseline (Day 0), there were 3-82 + 0-65 p21'* cells/100 adipocytes (N = 9 subjects; means + SEM). Representative images
are shown. (c). D + Q significantly reduced (p = 0-005) adipose tissue SA->gal-expressing cells. Raw values were decreased by 62% by 11 days after completing D + Q treatment. At
baseline (Day 0), there were 8-76 4+ 2-51 SABgal™ cells/100 nuclei (N = 9 subjects; mean + SEM). Representative images are shown. Scale bars = 100 um. Exact p values are indicated.

Colours indicate each individual's values on Days 0 and 14.

To test if D + Q reduces senescent cell burden in tissues in addition
to adipose tissue in subjects with diabetes and CKD, we analyzed the
epidermal layer of skin overlying the abdominal subcutaneous adipose
tissue taken before and after senolytic treatment. Similar to adipose tis-
sue, p16™*4A+and p21P1+ cells in the epidermis decreased after treat-
ment (p = 0-026 and p = 0-016, respectively). p16™4A* cells as a
function of epidermal length were 20% less abundant 11 days after com-
pleting 3 days of treatment with D + Q than at baseline (Fig. 4a) and
p21P1+ cells were 31% less abundant (Fig. 4b). With regard to epider-
mal immune cells, Langerhans cells, which are the antigen-presenting
macrophage-like resident cells in the epidermis and express CD1a
[58], CD1a did not significantly decrease after D + Q treatment (p =
.8; Fig. 4c). Resident macrophages expressing CD68 have not been re-
ported in the epidermis. Consistent with this, while present in dermis,
cells expressing CD68 were not detectible in the epidermis either before

or after D + Q treatment (N = 9 subjects; 18 biopsies; full length of epi-
dermis scanned with a 40x objective). Thus, the decrease in epidermal
p16™NK4AT cells after D + Q treatment is not readily explained by a de-
crease in CD68";p16™4A+ macrophages or in the related Langerhans
cells.

We tested if key circulating SASP factors were decreased by the short
course of senolytics. Plasma IL-1a, —2, —6, and — 9 and Matrix Metal-
loproteinases (MMP)-2, —9, and —12 were significantly lower 11 days
after than before the 3 days of D + Q administration (Fig. 5) and IL1-RA,
Fibroblast Growth Factor (FGF)-2, and Granulocyte Macrophage
Colony-Stimulating Factor (GM-CSF) tended to be lower (all p =
0-06). Abundance of adipose tissue p16'™NA+ cells (relative to adipo-
cytes) correlated significantly with plasma IL-6, IL-9, IL-1«, IL1-RA,
MMP12, MMP9, and MMP-2 (R? = 0-34% 0-25% 0-56*** 0-24%,
0-51**,0-36™%, and 0-25% respectively; * p < 0-05, ** p < 0-005, and
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Fig. 2. D + Q decreases human adipose tissue macrophages and crown-like structures. (a). D + Q significantly reduced (p = 0-0001) adipose tissue CD68" macrophages relative to
adipocytes. Raw numbers were decreased 28% by 11 days after completing D + Q treatment. At baseline, there were 8-4 + 0-58 CD68" macrophages/100 adipocytes (N = 9
subjects; mean + SEM). Representative images at Days 0 and 14 are shown. (b). D + Q significantly reduced (p = 0-001) adipose tissue crown-like structures. Raw values were
decreased by 11 days after D + Q treatment. At baseline (Day 0), there were 0-27 4+ 0-05 CD68* crown-like structures/100 adipocytes (N = 9 subjects; mean 4 SEM).
Representative images are shown. Scale bars = 100 pm. Exact p values are indicated. Colours indicate each individual's values on Days 0 and 14.

***p < 0-001). These circulating SASP factor data are consistent with a
systemic decrease in senescent cell abundance that remained apparent
well beyond the 4 to 11 h elimination half-lives of D + Q.

4. Discussion

The intended target of senolytics is senescent cells. We present evi-
dence showing that the drugs, D + Q, which are senolytic in mice and
cell or tissue culture models, decrease senescent cells in humans. No in-
dividual markers of senescent cells appear to be fully sensitive and spe-
cific. Furthermore, individual factors associated with the SASP can be
produced by non-senescent cells, such as immune cells. We therefore
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651
601 =0-027
S .
7 551 L)
Q
g D
& 50
2% ]
451 3
40 . .
Day 0 Day 14

Fig. 3. Increases in adipocyte progenitor cell density over time are enhanced following
administration of D + Q, consistent with removal of cells with limited replicative
potential (senescent and pre-senescent cells). Cell density/time was assayed by
tetrazolium uptake in adipocyte progenitors isolated from adipose biopsies acquired
before (Day 0) and 14 days after the first dose of the 3-day course of D + Q (Day 14)
and cultured in parallel for 3 passages. Increases in cell density/time in adipocyte
progenitors isolated after senolytic treatment were 8% greater than in adipocyte
progenitors isolated before treatment (N = 11 subjects; Table 1). Exact p value is
indicated. Colours indicate each individual's values on Days 0 and 14.

assayed several key cellular senescence markers and circulating SASP
factors in tandem as well as markers of macrophages, which can exhibit
features similar to those of senescent cells [59]. Macrophages are
attracted, activated into a senescent-like state, and anchored by senes-
cent cells in adipose tissue [23].

Key markers of senescent cell burden were decreased in adipose tis-
sue and skin biopsied from subjects 11 days after completing the 3-day
course of D + Q, as were key circulating SASP factors, compared to be-
fore administration of these senolytic drugs. Changes in the adipose tis-
sue biopsies consistent with decreased senescent cells included
decreases in the percent of cells with high p16™%4* and p21“"*! expres-
sion (Figs. 1a & b, respectively) and SARgal activity (Fig. 1c), decreased
abundance of macrophages and crown-like structures (Figs. 2a & b),
and increased cell numbers over time in primary cultures of adipocyte
progenitors derived from the subjects' adipose tissue biopsies (Fig. 3).
The decrease in cells with high SApgal activity was not an artifact caused
by repeating biopsies: cellular SABgal activity was consistent in re-
peated biopsies from obese subjects not treated with senolytics
(Suppl. Table 1). D + Q decreased p16™4A* and p21<"1* cells in an-
other tissue, the epidermal layer of skin (Figs. 4a & b, respectively). Epi-
dermal but not dermal p16™4A* cells have been associated with
cardiovascular disease risk and “biological ageing” [60]. In the epidermal
layer, the decreases in p16™“A* and p21“™!+ cells were independent
from changes in CD1a* Langerhans cells [58]. Also, the changes in
skin, together with the decreases in senescent cells in adipose tissue
and circulating SASP factors, suggest that oral administration of D + Q
decreases overall senescent cell burden, as opposed to targeting senes-
cent cells within a single organ or structure, such as may be the case fol-
lowing local injection of agents into knees or eyes.

Macrophages expressing the marker, CD68, were decreased in adi-
pose tissue biopsies after D + Q administration vs. at baseline
(Fig. 2a). This finding was expected to occur in concert with decreases
in senescent cells, because senescent cells anchor macrophages within
adipose tissue [23]. Part of the decrease in p16™*4A+ cells and cells
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Fig. 4. D + Q decreases human epidermal senescent cells. (a). D + Q significantly reduced (p = 0-026) human epidermal basal layer p16™<#A* cells. Raw values were decreased 20% by
11 days after completing D + Q treatment. At baseline (Day 0), there were 1-95 =+ 0-63 p16™<“A™ cells/mm of epidermis (N = 9 subjects; mean + SEM). Representative images at Days 0
and 14 are shown. (b). D + Q significantly reduced (p = 0-016) human epidermal basal layer p21<*'* cells. Raw values were decreased 31% by 11 days after completing D + Q treatment.
Atbaseline (Day 0), there were 1-71 & 0-31 p21"!* cells/mm of epidermis (mean + SEM). Representative images are shown. (c). D + Q did not substantially change (p = .803) antigen-
presenting CD1a™ epidermal Langerhans immune cells. At baseline (Day 0), there were 14-55 4 2-16 CD1a™ cells/mm of epidermis (mean =+ SEM; N = 9). Scale bars = 100 pm. Exact p

values are indicated. Colours indicate each individual's values on Days 0 and 14.

with SABgal activity could have been due to the decreased presence of
activated macrophages, in addition to reductions in senescent cell abun-
dance. However, it is unlikely that activated macrophages were directly
eliminated by D + Q, since we previously reported that, under condi-
tions in which D + Q caused death of senescent human adipocyte pro-
genitors, p16™A_expressing activated macrophages were unaffected
[28]. Therefore, the reduction in adipose tissue macrophage abundance
we found here after subjects had completed treatment with D + Q was
more likely due to the decreased macrophage attraction and anchoring
within adipose tissue consequent to removing senescent cells. Consis-
tent with this scenario, we previously reported that pre-treating obese
mice with D + Q attenuates trafficking into adipose tissue of labelled
monocytes injected into their tail veins compared to mice pre-treated
with vehicle instead of D + Q [23]. In the mice that had not been pre-
treated with senolytics, the injected labelled monocytes rapidly
moved into their adipose tissue. This effect of senolytics on reducing at-
traction of circulating monocytes/macrophages into tissues may be a
reason we found little effect of D + Q on epidermal Langerhans cells,
which are essentially resident macrophages [58]. Furthermore, there
were few or no CD68™ cells in the epidermis before or after D + Q
treatment, indicating that the decline in epidermal p16™X*A+ cells

after D + Q was not because of an effect on CD68-expressing macro-
phages. These points are additional evidence that direct, upstream
effects of D + Q might be principally on senescent cells, with effects
on immune cell types, such as adipose tissue macrophages, being a
consequence of these decreases in senescent cells.

Potential of adipocyte progenitors isolated from biopsies obtained
11 days after completion of senolytic treatment and passaged three
times to increase in numbers over time was increased compared to pro-
genitors from the baseline biopsies from the same subjects (Fig. 3).
These cells were cultured under conditions to exclude macrophages.
Like the decreases in the percent of cells with high p16™<4A expression
and SAPgal activity after D 4+ Q noted above, this is consistent with a de-
crease in senescent and pre-senescent cell burden. Not only is loss of
replicative potential a key feature of senescent cells, those cells ap-
proaching replicative senescence have a decrease in remaining capacity
to increase in numbers and, similarly, cells isolated from tissues of older
subjects with more senescent cells exhibit reduced replicative potential
compared to cells isolated from younger subjects [3,53,54]. Thus, our
finding that potential of adipocyte progenitors cultured from adipose
tissue biopsies to increase in numbers over time is enhanced by brief
D + Q treatment of diabetic subjects with a high burden of senescent
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cells, compared to the pre-treatment baseline biopsies from the same
subjects, is consistent with a direct senolytic effect of D + Q in humans.

Also consistent with D 4+ Q causing a decline in senescent cell bur-
den in humans, plasma levels of key SASP factors including IL-1ct, —2,
—6, and —9 and MMP-2, —9, and —12, were reduced after D + Q treat-
ment (Fig. 5). The findings that the decreases in adipose tissue and skin
senescent cell abundance and the decreases in systemic SASP factors
were evident 11 days after the last of 3 daily oral doses of D + Q is indic-
ative of a sustained effect of these drugs after they were no longer pres-
ent in the body. This is consistent with D 4+ Q having caused senescent
cell removal. Indeed, as we reported in old mice treated for age-related
osteoporosis with D 4+ Q [5], these findings suggest senolytics may be as
effective if given intermittently as continuously, despite the elimination
half-lives of D and Q being <11 h. Senescent cells take weeks to over a
month to form and acquire a SASP, at least in culture, meaning that
senolytic agents can be administered in a “hit-and-run” fashion. This
finding of a sustained decline in senescent cell burden means that D
+ Qs not likely to exert its effects through off-target mechanisms of
the type involving continuous occupancy of a receptor or from modulat-
ing an enzyme, but rather it is more likely that D + Q kills slowly-
reappearing, non-dividing senescent cells. Such intermittent adminis-
tration of senolytics could reduce side effects. For example, D is usually
administered continuously with a tolerable side effect profile at
100 mg/day (the dose used here for only a total of 3 days) for years or
even over a decade in patients with chronic leukemias [61]. Most poten-
tial side-effects of D can be avoided though intermittent administration
and, generally, serious side effects of D reverse upon temporary discon-
tinuation [62,63], increasing the value of the opportunity to administer
D intermittently, yet still benefit from its senolytic effects.

Our findings provide support for the likelihood that the beneficial ef-
fects of intermittent D + Q on cellular senescence-related phenotypes
in IPF, which we reported in the first clinical trial of senolytics [40],
were indeed due to reduction in senescent cell burden. Over and
above the trends we noted for circulating SASP factors to be lower
after than before D + Q in that first clinical trial, in the second clinical

trial to examine senolytics, others documented a decrease of 53 out of
66 SASP factors, as well as decreases in a DNA damage/telomere
stress-induced senescence gene set. These changes were found in com-
paring skin biopsies from a subset of patients with systemic sclerosis
who had an initially high senescent cell burden before being treated
with D (no Q) continuously for ~6 months vs. after treatment [41].
Now, in the third peer-reviewed clinical trial of senolytics reported
here, we provide direct evidence for a decrease in both adipose tissue
and skin epidermal senescent cell abundance and circulating SASP fac-
tors 11 days following a single 3-day course of D + Q.

Much remains to be done to optimize senolytic regimens and to
identify the possibly broad range of effects and side effects of these
agents in humans. If senolytic agents can be shown to be effective for
several individual age-related conditions, they may prove to have a
role beyond alleviating single diseases: they may be effective in reduc-
ing the multimorbidity common in elderly patients. In the first demon-
stration that healthspan can be improved by removing senescent cells
from naturally-aged mice, we found that clearing senescent cells with
D + Q improves cardiac function and vascular reactivity in old mice, al-
leviates frailty and increases intervertebral disc proteoglycans in
progeroid mice, and enhances treadmill endurance in single-leg
radiation-injured mice in early 2015 [32]. Confirming and extending
that first study, we and others subsequently showed that D + Q allevi-
ated a range of additional disorders in old mice. These included
age-related declines in cardiac regenerative capacity, frailty, muscle
weakness, reduced daily activity, decreased running endurance
on a treadmill, and osteoporosis [3,5,9,28,32]. Additionally, in old
mice, D + Q delayed age-related diseases as a group and extended
their remaining lifespan by 36% [28]. In mouse models of age- and
senescence-related chronic diseases, D + Q alleviated metabolic dys-
function in high fat diet-fed as well as genetically obese mice (in part
by decreasing insulin resistance), DKD manifested by podocyte dysfunc-
tion and proteinuria, high fat diet-induced renal fibrosis, renal cortical
hypo-oxygenation, and increased creatinine, hepatic steatosis, neuro-
psychiatric dysfunction in high fat-fed and genetically obese mice,
high fat diet-induced cardiac dysfunction and vascular hyporeactivity,
Alzheimer's-like dementia in mice with brain tau or -amyloid protein
aggregates, failure of the arteriovenous fistulae used for vascular access
during hemodialysis, bleomycin-induced pulmonary fibrosis (a mouse
model of IPF), and hyperoxia-induced pulmonary dysfunction, among
others [7,9,20,23,24,32-37]. Thus, senolytic agents might have the po-
tential to delay, prevent, or treat age-related diseases as a group, instead
of one-at-a-time. To advance toward this goal, it is critical to focus on
developing senolytic agents that are safe and effective when adminis-
tered systemically (as opposed to locally by injection) in humans.

After we reported the first senolytic drugs, D + Q [32], a number of
additional senolytics were found by us and others [37,64-70]. For exam-
ple, based on our report that BCL-xL is an endothelial cell SCAP pathway
target in early 2015 [32], we subsequently found that the BCL-2 family
inhibitor, Navitoclax (N; also known as ABT-263), and the more specific
BCL-xL inhibitors, A1331852 and A1155463, are, like Q, senolytic in the
case of senescent human endothelial cells, but not senescent human
adipocyte progenitors [64,71]. Thus, the range of senescent cells
targeted by BCL-XL inhibitors on their own is restricted. Our rationale
for using D + Q as opposed to other drugs in the trial reported here fol-
lows. D + Q is more specifically senolytic than other drugs that act as
“panolytics”, including some agents that bind MDM2, preventing p53
destabilization (e.g., Nutlin3a) and some BCL-2 family inhibitors
(e.g., N). Some such agents, for example nutlins, can cause severe
(class 3/4) off-target reductions in non-senescent cell types, including
platelet deficiency causing bleeding, neutropenia causing infections,
and deficiencies of other cell types [72,73]. This impact on multiple
cell types (over and above senescent cells) of drugs that act principally
on MDM2 can make it difficult to attribute clinical effects of such drugs
to selective targeting of senescent cells (as opposed to non-senescent
cells). While D can also sometimes cause transient and reversible
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platelet deficiency, this is uncommon. Even with hematological ma-
lignancies that themselves can cause platelet depletion, significant
(class 3/4) bleeding occurs in <1% of patients on continuous D treat-
ment. This usually only occurs after months of uninterrupted D ad-
ministration, unlike the intermittent D regimen that we found here
to be senolytic (Web Reference 1). Additionally, some senolytics
(e.g., Q) and panolytic drugs (e.g., N) do not target certain types of
senescent cells, such as senescent human adipocyte progenitors
[71], which are a major senescent cell type in adipose tissue, and
which were studied in the clinical trial reported here, another reason
for combining D with Q in our study. A benefit of D + Q is that this
senolytic combination more comprehensively disables SCAP networks
than N, increasing the range of senescent cell types selectively elim-
inated by D + Q [32]. We therefore studied systemic administration
of D + Q as opposed to panolytic drugs (e.g., Nutlin3a), since the lat-
ter may have to be injected locally instead of systemically to avoid
adverse effects caused by their off-target depletion of non-senescent
cell types.

Many more clinical trials for different indications and with different
senolytic drugs and combinations need to be completed to confirm the
findings from the three clinical trials of senolytics reported in peer-
reviewed journals so far. These types of clinical studies include later
phase trials, such as the randomized, controlled trial we and collabora-
tors are currently conducting using D 4 Q for IPF (NCT02874989) or
frailty in elderly women using Fisetin (NCT03325322), an earlier
phase trial of D + Q for the accelerated ageing-like state following
bone marrow transplantation (NCT02652052), completion of our trial
with preliminary results reported here of D + Q for renal insufficiency
and stem cell dysfunction in advanced diabetes (NCT02848131), trials
for the many other age- and cellular senescence-related disorders
using different senolytic agents and combinations that we are about to
begin, and trials by others that have yet to be reported following
peer review, such as one in which an agent that acts on principally
MDM?2 is injected into the knees of subjects with osteoarthritis
(NCT03513016).

By conducting trials across different age- and senescence-related
conditions and using different sets of senolytic agents, the Geroscience
Hypothesis [21,74,75] can be tested in humans. This hypothesis posits
that by targeting a fundamental ageing process such as cellular senes-
cence, multiple age-related disorders can be delayed, prevented, or alle-
viated as a group, instead of one-at-a-time. This novel approach will be
much more like that involved in developing an antibiotic than the usual
one-drug, one-target, one-disease approach that has dominated the bio-
medical drug development field for the past few decades. The goal of
senolytics is by definition to target senescent cells. It is not to identify
a single molecular target and to develop a drug that affects that single
molecular target. This could cause apoptosis in multiple cell types, in-
cluding non-senescent cells, or restrict elimination to a small subset of
senescent cells that express that particular molecular target. In the cur-
rent clinical trial we show that D + Q is effective in decreasing senes-
cent cells, the first direct evidence that senolytics are effective in
humans.

Although we are optimistic about the prospects for introducing
senolytics and other agents that modulate fundamental ageing pro-
cesses into clinical practice in the future, particularly in the near future
for serious diseases for which there are currently no effective interven-
tions, we must conclude with a note of caution. The field of senolytics is
new. The first clinical trial of senolytic agents was only reported in Jan-
uary 2019. The findings reported here are preliminary results from an
ongoing clinical trial of senolytics for treating dysfunction in patients
with diabetic chronic kidney disease. Fewer than 150 subjects have
been treated with these drugs in the context of clinical trials that we
are aware of so far. In addition to side effects related to individual
senolytic drugs known from other contexts in which those drugs have
been used, there could turn out to be serious side-effects of senolytics
as a class, which are not yet known. We caution against the use of

senolytic agents outside the context of clinical trials until more is
known about their effects and side effects.
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